In a randomly dividing culture, this increment of DNA synthesis presumably represents completion of the DNA replication cycle initiated at the time of PEA addition. By programming the addition and removal of PEA, DNA synthesis can be made to proceed in stepwise increments corresponding to doublings of the DNA. The data indicate that the DNA being replicated at the time of PEA addition completes the replication cycle and, although there is net synthesis of RNA and protein, no initiation of a -econd cycle of DNA replication occurs until the removal of the inhibitor. Berrah and Konetzka (1962) reported that the bacteriostatic action of phenethyl alcohol (PEA) was characterized by the selective and reversible inhibition of deoxyribonucleic acid (DNA) synthesis, while net synthesis of ribonucleic acid (RNA) and protein continued. The compound has since been used to inhibit the replication of bacteriophage  Nonoyama and Ikeda, 1964) and to study the process of genome transfer in bacterial conjugation (Bouck and Adelberg, 1963; Jacob, Brenner, and Cuzin, 1963;  Roeser and Konetzka, 1964) . However, these reports have been primarily concerned with the use of PEA as a metabolic inhibitor in studies of biological processes that are related to DNA synthesis. The present report is part of a study on the mechanism of action of PEA.
MATERIALS AND METHODS
Bacteria and growth condition. Escherichia coli H and a thymine-requiring mutant (H500T-) of this strain were used in this studv. The mutant was obtained by the aminopterin method of Okada, Homma, and Sonohara (1962) .
E. coli H was grown in a semisynthetic (SS) medium of the following composition: KH2PO4, 13.6 g; (NH4)2SO4, 2.0 g; CaCl2, 10.0 mg; FeSO4*7H20, 0.5 mg; MgSO4-7H20, 0.2 g; glucose, 2.0 g; DL-tryptophan, 50.0 mg; casein hydrolysate, 1.0 g; and distilled water, 1,000 ml (pH 7.0). E. coli H500T-was cultivated in SS medium containing 10 /.g of thymine per ml.
All cultures were incubated at 37 C on a rotary shaker at 270 oscillations per min in 50-ml, 250-ml, or 1-liter flasks containing 10, 40, or 200 ml of medium, respectively, depending on the volume of culture required for a particular experiment. PEA (v/v) was added to the medium with a micrometer syringe.
The number of viable cells was determined by spreading 0.1-ml samples of appropriate dilutions of cultures on the surface of nutrient agar plates and incubating at 37 C for 24 hr.
Assay of macromolecular components. The methods employed for the chemical assay of DNA, RNA, and protein have been described previously .
The incorporation of C14-thymine into acidinsoluble material was also employed as a quantitative measure of DNA synthesis. E. coli H500T-was inoculated at 5 X 106 bacteria per ml into SS medium containing C14-thymine at a specific activity of 0.5 mc/mmole and incubated at 37 C until the concentration reached 5 X 109 bacteria per ml. The prelabeled cells were then used as the inoculum for the experimental cultures which were also incubated in SS medium containing 0.5 mc/mmole of C'4-thymine. Under these conditions the incorporation of C'4-thymine into acid-insoluble material was proportional to the DNA content of the cells. In one set of experiments, RNA synthesis was determined by the incorporation of C'4-uracil. In this case, the medium contained 40 ,g of uracil having a specific activity of 2.2,c/mmole.
The isotopically labeled cells were extracted with 5% trichloroacetic acid at 0 C for 30 min; the cells were collected on Millipore HA filters and washed with 5 ml of cold 5% trichloroacetic acid. The filters were glued to planchets, and the radioactivity was counted with a gas-flow counter (Nuclear Chicago Corp., Des Plaines, 11.).
Removal of PEA. In experiments where the removal of PEA was required, the bacteria were harvested on a Millipore GS filter and washed once with 0.1 volume of medium without PEA. 1.4, 3.3, and 8.7 ,ug/ml, respectively. t Cells in the absence of PEA increased to 2.6 X 108 cells per ml after 2 hr and there was no appreciable cell division in the presence of PEA (Table 2) . centrations of PEA revealed filaments as reported by Berrah and Konetzka (1962) . The filaments did not appear to be chains of bacteria.
Influence of the physiological state of cells at the time of PEA addition. Concentrations of inhibitor between 0.28 and 0.32% had little effect on viability irrespective of the physiological state of the cells. However, it was found that the relative increases in macromolecular components varied from experiment to experiment depending on the physiological state of the inoculum. To demonstrate this point, the incorporation of C'4-thymine and C'4-uracil into acid-insoluble cellular components was measured. An overnight culture of E. coli H was inoculated into SS medium at 5 X 107 bacteria per ml. At 0, 2, 4, and 8 hr (Fig. la) , a sample of the culture was diluted to 5 X 107 cells per ml in warmed SS medium containing 0.31% PEA and C'4-uracil or C14-thymine. In each subculture (Fig. lb, c, d, e) , the incorporation of labeled thymine was inhibited after an initial increase, with maximum DNA synthesis taking place in the 2-hr or exponential-phase culture. The incorporation of labeled uracil indicated that RNA synthesis was continuous in each case.
To determine the actual amounts of DNA, RNA, and protein synthesized by bacteria from two physiological states, the following experiment was performed. E. coli H from the maximum stationary phase was obtained by inoculating SS medium with 2.5 X 107 cells per ml and incubating the culture for 8.5 hr. This culture was then diluted to 5 X 107 cells per ml in warmed medium containing 0.31% PEA. The exponentially growing bacteria were obtained by inoculating at 5 X 10o cells per ml and incubating at 37 C until the cell count reached 5 X 107 cells per ml, at which time the inhibitor was added. In both cases, the initial sample was taken immediately upon exposure of the cells to the inhibitor. A comparison of the results of the chemical assays for DNA, RNA, and protein is given in Table 3 . In both cultures the synthesis of RNA and protein proceeded as a continuous net increase with no significant change in viable count. DNA synthesis in the maximum stationary-phase culture was inhibited from the time of PEA addition. However, the bacteria of the exponential-phase inoculum synthesized a large anmount of DNA during the first hour of incubation. This initial increment of synthesis was followed by an inhibited rate of DNA synthesis comparable to that of the stationary-phase cells. The amount of DNA, RNA, and protein per cell remained constant in the exponentially growing culture in the absence of PEA, and therefore did not reflect the disproportionate synthesis of the macromolecular components observed in the PEA-inhibited cells.
Exogenous thymine is not efficiently incorporated into the DNA of wild-type E. coli (Rachmeler, Gerhart, and Rosner, 1961) ; therefore, a thymine auxotroph of E. coli H was isolated. By prelabeling the DNA of the mutant with C14-thymine, the amount of DNA synthesized by the bacteria was determined by incorporation of the isotope. DNA H500T-in the two physiological states is shown in Fig. 2 . It was evident that the maximum stationary-phase culture did not initiate DNA synthesis in the presence of 0.32% PEA. The exponential-phase cells showed the typical initial increment of DNA synthesis which was followed by complete inhibition.
The initial increment of DNA synthesized by exponentially growing cells of E. coli H and H500T-was determined for several concentrations of PEA by the two different assays (Table  4 ). The inhibited bacteria did not synthesize more than 1.6 nor less than 1.4 times their original DNA content at concentrations of inhibitor which did not allow cell division and which do allow a net increase in RNA and protein.
Control of DNA replication by PEA. The finding that DNA synthesis could be completely inhibited by nontoxic concentrations of the drug suggested its use as an agent to control DNA synthesis. By programming the addition and removal of PEA, it was found that DNA replication proceeded in stepwise increments (Fig. 3) . Maximum stationary-phase cells of E. coli H500T-were exposed to 0.32% PEA for 2 hr. The inhibition was relieved by removing the inhibitor, and, after 20 min, 0.32% PEA was added. DNA synthesis continued at a linear rate until a doubling had occurred. The inhibition was again relaxed for 30 min, and the inhibitor was added again. The second cycle of DNA synthesis represented a doubling in the amount of DNA present in the culture. A third cycle was repeated in a similar manner. The timing for the removal and addition of PEA was important. It must be programmed to allow the initiation of DNA replication to begin in all members of the population.
DISCUSSION
The data presented show that the inhibitory properties of PEA affect both cell division and macromolecular synthesis in E. coli H. The inhibition of cell division as the concentration of PEA increased is reflected in the lengthening of the generation time. The average division time for the bacterium in SS mediumn is 30 min, and in the presence of 0.25%, PEA the generation time increases to slightly more than 4 hr. At concentrations between 0.28 and 0.32%, division is completely inhibited for at least 4 hr with no significant loss of viability. Maaloe and Hanawalt (1961) found that, under conditions of inhibited protein and RNA synthesis, the total DNA content of a culture of E. coli 15 T-U-A7 increased by 40% or more. They accounted for this increase by postulating that it represents the completion of the DNA replication cycle in progress in the bacterial population at the time that RNA and protein synthesis are inhibited. Further protein or RNA synthesis, or both is then necessary to initiate a second cycle of DNA replication. The increments of DNA synthesized by the exponentially growing cultures, inhibited with PEA, closely resemble those found by Maal0e and Hanawalt (1961) . The increases were always 40% and, at the concentrations of inhibitor used (Table 4) , they never exceeded 60%, although there was concomitant RNA and protein synthesis.
The increment of DNA synthesized in the presence of PEA reaches a maximal value in cells from the exponential phase of growth, when DNA is replicating at a constant rate in the entire population. As the population enters the maximum stationary phase, the increment decreases, presumably reflecting the reduction in the number of cells actively engaged in DNA synthesis as the culture enters the resting state. An inoculum taken from the maximum stationary phase will not synthesize DNA in the presence of 0.32% PEA. These results indicate that PEA is preventing the initiation of DNA synthesis. Continued DNA synthesis in the presence of PEA suggests that the compound does not affect the polymerization events of DNA replication once the process has been initiated.
Although the exact mechanism of action of PEA is not apparent from these investigations, we are currently considering the hypothesis that the compound actually alters the bacterial membrane, and that the initiation of DNA synthesis occurs on the membrane (Jacob et al., 1963) . It is evident that a very narrow range of concentrations as well as a large amount, approximately 2.5 X 10-2 M, is required to inhibit the initiation of DNA replication. Concentrations lower than the critical amounts allow initiation of DNA synthesis, and concentrations greater than the critical range markedly inhibit the synthesis of all three macromolecules, kill the cells, and induce leakage of intracellular components (unpublished data). These observations suggest that the compound may not have any effect on the DNA replication cycle per se, but, instead, it may cause some physical alteration of the bacterial membranes and thereby affect the attachment of the chromosome to the bacterial membrane.
